Abstract-Integrated optics potentially can offer significant cost reductions and new applications to Optical Coherence Tomography (OCT). We design, fabricate, and characterize Silicon oxynitride (SiON) elliptic couplers, which can be used to focus light from a chip into the off-chip environment. Fizeau-based OCT measurements are performed with elliptic couplers and a moveable mirror. The optical fields at the output of the elliptic coupler are simulated and measured. Good agreement is observed between the measured OCT signal as a function of depth and calculations based on the optical field at the end of the elliptic coupler.
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I. INTRODUCTION
O PTICAL coherence tomography (OCT) [1] is a non-invasive optical technique for imaging biological tissue to a few millimeters depth with micrometer resolution. OCT is gaining widespread use in the clinic, in particular its use in ophthalmology for imaging the retina is becoming routine practice. OCT is analogous to ultra-sound as it measures the time-offlight of photons. However, OCT uses low coherence interferometry instead of electronic timing to detect the time-of-flight. Currently, most OCT systems are Fourier-domain OCT systems, measuring the interference spectrum, formed by the reflection from the tissue and the reference arm, either by using a spectrometer or a swept source. These OCT systems consist of a large number of bulk optical components, such as: optical fibers, (focusing) lenses, beam splitters, and galvanometric scanners. All these components are necessary to relay the optical signal through the OCT system, thereby making OCT systems bulky, expensive, and complex. Integrated optics can make OCT systems smaller and more cost efficient. In addition, integrated optics can add functionality that would be too difficult, or complex, to achieve with bulk optics.
Although some work on miniaturizing OCT components and devices has been performed [2] , [3] , most work mainly focuses on achieving a size reduction using smaller bulk optical components and/or designing them in a more compact way. However, the use of integrated optics can offer much higher integration density, which can lead to systems with a significantly smaller footprint. Many of the integrated-optics components, similar to those that can be used for OCT, already have been designed and fabricated for optical telecommunication. However, it remains a challenge to modify their design in such a way that they are suited for OCT. Currently, integrated optics only has been used in a time-domain OCT system, replacing the optical fibers and splitters, with all other components external to the optical chip [4] . Here we show the design and fabrication in integrated optics of another component used with OCT: an optical focuser. Similar to confocal microscopy, in OCT light is focused onto the sample through a lens and the back scattered light is collected through the same lens. Focusing of the beam gives OCT lateral resolution (determined by the spot size) and reduces the collection of multiple scattered light (confocal gating). Since OCT uses broadband illumination of the sample, the focusing optics is generally done by achromatic lenses.
Focusing light can be performed by diffraction, refraction, and/or reflection. In integrated optics various diffracting structures, such as waveguide grating couplers [5] and Fresnel-grating lenses [6] , have been designed to focus light a few millimeters into the off-chip environment. These techniques have two drawbacks. First, they require electron beam lithography to define the diffractive structures. Electron-beam lithography is costly, complicated, and not suitable for high-throughput applications. Second, diffractive techniques are, by nature, chromatic, therefore tight focusing with broadband light sources, as are used in OCT, is difficult. Integrated optics structures based on refraction, such as aspheric waveguide lenses, were designed and fabricated using standard photolithography techniques [7] , [8] . Refractive surfaces of waveguide lenses show chromatic aberrations and have internal reflection losses. Both are a disadvantage for application to OCT. Integrated optics structures using reflection, such as planar mirrors [9] and elliptic couplers [10] , do not suffer from high losses and are achromatic. Planar mirrors were designed for collimation, but also can be used for focusing. However, planar mirrors need a large footprint and typically they focus under an angle relative to the input waveguide. Low-loss and compact elliptical couplers were created for focusing/collimating beams in the off-chip region. We will discuss integrated-optics elliptic couplers in more detail.
II. ELLIPTIC COUPLER STRUCTURE
An elliptic coupler consists of a straight index guiding planar strip waveguide followed by one half of a planar elliptic-shaped 0733-8724/$26.00 © 2010 IEEE index guiding section, as is shown in Fig. 1 . The dimensions of the elliptic coupler are determined by the semimajor axis and semiminor axis . We will denote an elliptic coupler by the combination with and in micrometers. The focusing principle of elliptic couplers can be described in two ways.
In a ray optics description, all rays emanating from one focal point of a full ellipse are imaged onto the second focal point. Since, the straight waveguide exits close to the first focal point, it is thus to be expected that many rays will be imaged close to the second focal point. In case of a half elliptic coupler ending in an air region, the rays refract away from the normal at the interface thereby reducing the focal length in the air region. In addition, some rays originating from the waveguide with low exit angles are not reflected from the ellipse boundary and travel unfocused into the air region, these are the divergent rays.
In a Gaussian optics field description, the field at the exit of the elliptic coupler is a spherical wave with a radius of curvature equal to the length divided by the effective index of the waveguide [10] . The unfocused beam acts as a diverging optical field superimposed on the converging optical field. Gaussian field calculations are accurate only when the diverging field has a relatively small magnitude. The full field at the exit of the waveguide/elliptic coupler can be determined using Beam Propagation Method (BPM) simulations.
In this paper we design and fabricate elliptic couplers in SiON technology [11] . SiON is an amorphous material with excellent electrical, optical and mechanical properties. The refractive index of SiON for wavelengths in the infrared of SiON can be adjusted from 1.46 (silicon dioxide) to 2.0 (silicon nitride). Particularly attractive for optical applications is the high transparency of silicon oxynitride over a large wavelength range, from visible to infrared, covering all of the commonly used OCT wavelengths of 800, 1000, and 1300 nm.
We characterize the focusing properties of the elliptic couplers by optical beam-profiling measurements and BPM simulations. The elliptic couplers are used in a Fizeau-based spectral-domain OCT system [12] . We analyze the OCT signal magnitude variation with depth caused by the focusing properties of these couplers and compare this to calculations based on the optical beam profile measurements. Finally we make recommendations on further improvements in the focusing properties of integrated optics couplers for OCT and other applications.
III. MATERIAL AND METHODS

A. Waveguide and Elliptic Coupler Design and Fabrication
Waveguides are designed and fabricated in SiON technology. This technology uses -oriented 100-mm Si wafers that are first thermally oxidized to obtain an 8 m thick SiO layer. Next an 820 nm thick SiON layer is grown using plasma enhanced chemical vapor deposition. This is followed by thermal annealing to achieve the desired thickness and refractive index of for quasi-TE polarization at 1300 nm wavelength. The SiON layer is etched through by reactive ion etching to achieve channel waveguides. The straight waveguides and elliptic coupler structures are covered with a SiO layer deposited with plasma enhanced chemical vapor deposition. After annealing the refractive index of the upper-cladding oxide is 1.4485 for quasi-TE polarization at 1300 nm wavelength, the same to that of the bottom-cladding thermal oxide layer.
We performed mode field calculations (FieldDesigner, PhoeniX bv., Enschede, The Netherlands) using the dimensions and refractive indexes stated above. The waveguides show single mode operation for waveguide widths smaller than 3 m at 1300 nm wavelength. We choose a waveguide width of 2.5 m for our waveguide design. We make use of the effective index method [13] to find an equivalent 2-D structure to represent our 3-D waveguide geometry. This leads to the choice of core and cladding indexes of and , respectively. Two-dimensional BPM simulations [13] (OptoDesigner, PhoeniX bv., Enschede, The Netherlands) are used to simulate the electric field (quasi-TE polarization) from a straight waveguide and various elliptic couplers both within the elliptic couplers and in the air region.
B. Experiments
A schematic of our experimental setup is shown in Fig. 2 . Light from a broadband source (AFL technologies, center wavelength nm, 45 nm bandwidth, 25 mW output power) is coupled into an optical circulator (Gould Fiber Optics). The output port of the optical circulator is connected to a tapered fiber (OZ Optics, TSMJ-3S-1550-9). The tapered fiber is coupled to the waveguide using a high precision XYZ stage (Elliot Scientific). We measured 10 dB fiber-to-chip coupling loss (single pass). For optical beam profiling of the horizontal waists (in the plane of the chip) we use a razor blade mounted on a motorized linear stage (Zaber T-LS13-M). Light transmitted through the waveguide is collected at the output facet of a chip with a high NA lens. A knife is translated slowly through the beam between the end-facet of the chip and the lens, the light intensity is measured as a function of position with an optical power meter (Newport, model 840-C). The thus measured integrated intensity profile is differentiated and fitted with a Gaussian function to determine the intensity beam waist [14] . For the smaller vertical waist (out of the plane of the chip), we use the intensity transmitted into a well-characterized high numerical aperture collection fiber positioned at a few positions in the vertical plane. From the collected intensity the vertical waveguide numerical aperture was determined.
For Fizeau-based OCT measurements, light from the waveguide/elliptic coupler is reflected on a mirror which is at a depth opposite to the waveguide/elliptic coupler end facet. The light reflected from the mirror is coupled back into the waveguide/elliptic coupler, the light reflected from the end facet (Fresnel reflection) serves as the reference field. Both fields are re-directed by the optical circulator to the spectrometer. The spectrometer consists of an achromatic collimator lens that directs the beam on a volume transmission grating (Wasatch Photonics, 1145 lines/mm). The collimated beam is imaged with a lens doublet onto a 46 kHz CCD linescan camera (Sensors Unlimited SU-LDH-1.7RT/LC. More details can be found in [15] . The system sensitivity roll-off is measured and corresponds to a ratio of optical resolution over pixel resolution [16] . The measured spectra are processed in the following order: 1) reference arm subtraction 2) dispersion compensation 3) spectral re-sampling to linear k-space. The thus obtained optical spectrum is Fourier transformed to a depth scan, with the magnitude of the complex signal taken as the OCT signal. To compare the OCT signals in depth to theoretical calculations, the depth scans are corrected for the spectral-domain system sensitivity [16] .
C. Optical Field and OCT Signal Response Calculations
We calculate the electromagnetic fields and the OCT signal response in the air region. We assume that the field at the output facet of the waveguide/elliptic coupler is a simple two-dimensional Gaussian distribution (neglecting the divergent field part). Therefore, the total field in the air region can be written as the product of a horizontal, designated by (in the plane of the optical chip) and a vertical part, designated by (perpendicular to the plane of the chip). The horizontal part is a Gaussian field focused at a depth , and the vertical part is a non focused Gaussian field, . The total field amplitude (neglecting the phase part) is (1) with the coordinate in the propagation direction relative to the waveguide/elliptic coupler end facet, and are the waists in the horizontal and vertical plane, respectively.
The waist development for the two directions is given by the standard description for a Gaussian field, for the horizontal (focusing) plane (2) and with for the vertical plane
with the Rayleigh ranges in the and direction, the beam waist (beam radius at the intensity level) at the focal point and the beam waist at the output facet of the waveguide/elliptic coupler. Since , the whole field development in the air region can be calculated by using a measured field waist and focal length.
Since OCT measures the field in the probing range, the OCT signal response to a mirror can be calculated based on the square root of the intensity transmission function [17] , [18] . If we assume a 100% reflective mirror, perpendicularly aligned to the chip facet, located in the air region at depth from the waveguide/elliptic coupler, the OCT signal magnitude as a function of depth is calculated using standard overlap integrals (4) with and the intensity transmission functions in the horizontal and vertical planes, respectively. The square roots of the intensity transmission function we name the "OCT transmission function".
For illustrative purposes, Fig. 3 shows a plot of OCT transmission function and calculated with a set of parameters that are typical for an elliptic coupler ( m, m, m). The OCT transmission in the vertical direction drops rapidly with depth as the field is strongly diverging in the vertical plane, whereas the OCT transmission in the horizontal direction shows a maximum at the focal point.
IV. RESULTS
We investigated the following structures: straight waveguide and elliptic couplers with , and (2000, 65). For every structure we performed the following analysis: 1) BPM simulations 2) knife edge measurements of the optical field intensity in air 3) Fizeau OCT measurements with varying mirror depth . Fig. 4 shows these steps for the elliptic coupler with . Fig. 4(a) shows the BPM simulation of the electric field amplitude (quasi-TE polarization) in the horizontal plane, both within the elliptic coupler and in the air region. The dashed line indicates the end-facet of the coupler. We can observe that the optical field is converging in the air region as expected. Fig. 4(b) shows knife-edge method beam waist measurement at various depths (dots). The measurements are in good agreement with the BPM simulation (solid line). The overestimation of the measured beam waist is attributed to the fact that the field is not purely Gaussian and that there is a contribution from the divergent field (see Fig. 4(a) ). Knife-edge measurements and BPM simulations for the optical fields in the plane of the chip are performed for a straight waveguide and various elliptic couplers, as summarized in Table I . For all structures studied good agreement between the measurements and the simulations is observed. Fig. 4(c) shows the normalized OCT signal for varying depth . At 100 m depth, the OCT resolution is 17 m and the signal to noise ratio is 55 dB, measured for a single spectrum at 46 kHz. The resolution remains constant over the depth range used in this experiment. The OCT signal drops in depth due to a decrease of the spectral-domain system sensitivity (as indicated by the dashed line) and due to the field development in the air region. Since the field diverges strongly in the vertical direction, the reflected electric field decreases with increasing depth .
A quantitative comparison of the OCT signal magnitude as a function of depth for the four structures summarized in Table I is shown in Fig. 5 . The straight waveguide, Fig. 5(a) , shows a rapid decrease of peak OCT signal with depth due to the strongly diverging fields both in the vertical and horizontal planes. Similar measurements are presented in Fig. 5(b), (c), and (d) for the three elliptic couplers with 
and
, respectively. Clearly, the focusing enhances the OCT signal in the air region near the chip end facet.
The OCT measurements are compared to calculations (solid lines) based on (4) and the measured focal length, horizontal and vertical beam waist. The OCT signal from the straight waveguide is described by taking . The OCT signal is normalized to the measurement at 100 m depth, which is the minimum depth at which we could measure. Note that at this depth the total field already has dropped significantly due to the strong vertical beam divergence (the first factor in (4)). However, since this factor is assumed constant for all structures (depending only on the vertical waveguide size) we can quantitatively compare the OCT signals for the different structures. For all structures good agreement between the calculations and the OCT measurement can be observed. The differences between the measurements and the calculations are attributed to the non-Gaussian field distribution at the end of the elliptic coupler. In our calculations this was not taken into account. We observe a 10-20 fold sensitivity increase of the OCT signal at the focal point for every elliptic coupler compared to the straight waveguide.
V. DISCUSSION In this study we characterize the focusing properties of the elliptic couplers by BPM simulations, optical beam-profiling measurements and the OCT signal decrease with depth.
Good agreement is achieved between the OCT measurements and beam profile measurements for the four structures we have presented. In addition, the measured beam waists are in good agreement with the BPM simulations. For elliptic couplers with other dimensions, which are not shown here, the results show somewhat poorer agreement due to the large strength of the unfocused beam for these structures. As a result, the optical fields in the air region are not purely Gaussian, as is also observed from the BPM simulations and from beam profile measurements for these structures. However, using a full optical field description, either from BPM simulations or full 3-D beam profiling measurements, the OCT signal in principle also can be calculated for these structures, albeit with more effort.
The 55 dB OCT sensitivity that we typically measure is lower than measured with an equivalent fiber based system [15] mainly due to the high in/out fiber-to-chip coupling losses (see Section III.B). With improved fiber-to-chip coupling (e.g., using index matching gel) we expect a sensitivity that can be 20 dB higher. However, the current sensitivity should be sufficient to image a limited spatial extend mm (see also [2] ). Using elliptic couplers with OCT changes in flow, refractive index, and morphology can be monitored in small (flow) channels, e.g., located on a combined optical/fluidic chip. The Fizeau-OCT signal decreases strongly in depth due to the large divergence of the beam in the vertical direction. Equation (4) shows that the OCT signal drop-off in depth can be improved by decreasing the divergence of the field in the vertical direction. In other words, the OCT performance can be enhanced if the beam waist is increased in the vertical plane (the field divergence angle in Gaussian optics is inversely proportional to the beam waist [19] ). Increasing the beam waist in the vertical plane can be achieved by reducing the overall waveguide height. However, this would result in poorer light guiding due to a reduction of the effective index contrast. The resulting increase in bending losses and decreasing coupler focusing efficiency makes this method less favorable. Therefore, a relatively short tapered section at the end of the elliptic coupler region will result in high optical confinement in the waveguides and a large beam waist at the exit of the elliptic coupler.
Vertical tapering can be performed in various ways [20] . For SiON a vertical taper can be fabricated by depositing a sacrificial layer on top of the SiON waveguide. If the sacrificial layer has a higher etch rate than silicon oxynitride for the specific etchant used in the process (e.g., buffered HF) a waveguide taper is formed. We estimated that the minimum SiON waveguide thickness that can be achieved is 0.2 m. For a waveguide thickness of 0.2 m, field simulations show that the beam waist in the vertical plane can increase up to 9.5 m, which decreases the field divergence by a factor 10. Based on this field development in the vertical direction we calculate the OCT transmission function and the OCT signal drop off in depth for an elliptic coupler (1000, 35), a similar elliptic coupler with taper, and an ideal lens. Fig. 6(a) shows the OCT transmission function in the vertical plane, , with m and 9.5 m (with taper), respectively. Fig. 6(b) shows the OCT signal in depth, , for the elliptic coupler with and without taper and for an ideal lens ( m, beam waist at focus m). The OCT signal of the elliptic coupler is enhanced strongly in depth as a result of a decrease of the divergence of the field in the vertical plane (as shown in Fig. 6(a) ). At the focal point, a 10 fold sensitivity increase of the OCT signal can be observed. Although, the OCT signal for the ideal lens shows a higher sensitivity around the focus, the tapered elliptic coupler has a high and constant sensitivity over a long range (600 m) from the end facet of the tapered elliptic coupler to the focal point.
Note that an ideal integrated optics elliptical taper also has an elliptic shape in the vertical direction. However, such an ideal structure is very complicated to reproducibly fabricate using dry/wet etching techniques.
Fizeau interferometers have the advantage that they are so-called common-path interferometers. Consequently, they do not suffer from dispersion mismatch between sample and reference arm since the light travels back and forth through the same path. On the other hand, the imaging range is limited to a few millimeters from the final reflection (in our case the end facet of the waveguide/elliptic coupler). Therefore, in Fizeau-based OCT systems there is no space available at the exit of the elliptic coupler for a lateral sample scanner, or any other optical component.
Most common day OCT systems are Michelson interferometers in which the reference arm length can be set at an arbitrary length relative to the sample arm. Therefore, in Michelson interferometers an arbitrary amount of space can be made available at the end of the sample arm to host a lateral sample scanner or any other optical component. A next step is to implement elliptic couplers in a Michelson type interferometer with a loop mirror reference arm, which will lead to further OCT system integration on an optical chip.
Finally, the focusing properties of these elliptic couplers also can be used to improve the detection sensitivity performance in other integrated optics sensing applications.
VI. CONCLUSION
In this paper, we showed the feasibility of an integrated optics elliptic coupler for OCT fabricated in SiON. The OCT signals for various elliptic couplers were measured and showed good agreement with calculations based on measured beam waists. We made recommendations on improving the focusing properties of integrated optics couplers for OCT and other applications.
